The current investigation presents the benefit influence of the magnetic processing of a structural epoxy system via moderate permanent magnetic field. During the curing process of a liquid-crystalline epoxy resin, a magnetic field of 0.5 Tesla was applied, and the mechanical properties of the cured resin were investigated using nanoindentation and nanocreep tests. Compared to samples processed without magnetic field under the same thermal conditions, the magnetically processed samples show an improvement in their modulus, hardness and creep resistance. The two-dimensional stretching of both main chains and the crosslinks of the amorphous epoxy -due to the applied magnetic field -is shown to improve the properties along both the parallel and lateral directions of the applied field.
Introduction
Thermosets prepared via curing liquid crystalline monomers possess novel mechanical and physical properties. Due to their excellent mechanical properties, compared to thermoplastics, epoxies are used extensively as matrices in the fabrication of fibre reinforced composites (FRPs) both at the microscale using microscale carbon fibres (Al-Haik et al., 2004a) and nanoscale using carbon nanotubes (Garmestani et al., 2003) . Furthermore, due to their optical anisotropy, liquid crystals have potential in a wide range of applications including optical filters, displays, and data storage (Shiota and Ober, 1997) .
The mechanical and physical properties of molecular materials such as polymers are strongly influenced not only by the morphological structure of the epoxies (Su et al., 2000) but also by their molecular deformation and orientational behaviour of their chains (Scherzer, 1998) . Improving these properties can be achieved by manipulating the spatial arrangement of the molecules at the nanoscale via self-organisation of the chains (Muthukumar et al., 1997) or by introducing alignment (Christianen et al., 2004) .
Chain alignment was induced by flow (shear) fields methods, such as extrusion (Geiger et al., 2002) and injection molding (Son et al., 2000) . Both of these techniques produce a morphology that comprises of an oriented shell of the polymer with a relatively disoriented inner core. This uneven shell-core orientation is attributed to rheological and interfacial properties of the constituent components (such as shear viscosity, fluid elasticity, interfacial tension and blend composition) and processing variables (such as temperature and shear rate) (Kabeel, 2001) .
Since the use of flow fields poses several limitations on the types of epoxies that can be processed via this route, several investigations explored the use of alternative fields such as electrical and magnetic fields or even a combination of both (Kudaibergenov et al., 2000; Holstein et al., 1998; Suleimenov et al., 2001 ).
The principle of using both electrical and magnetic fields relies on orienting liquid crystalline monomers in an external field and subsequently freezing the orientation by polymerisation and curing, either thermally, chemically, or photochemically. Obviously, the macroscopic ordering might be irreversibly fixed by the chemical reaction, resulting in texture-generated anisotropy in the physical and mechanical properties (Tan et al., 2000) . Shiota and Ober (1997) investigated the curing of liquid crystalline epoxies under applied AC electric fields. The investigators observed that the extent of polymerisation has strongly influenced the molecular response to the AC electric fields, the final networks could be aligned only perpendicular to the electric field. The oriented network possessed high orientation as well as high translational order.
Controlling the orientation of organic molecules with electric fields plays an important role in commercially important devices, such as liquid crystalline displays. The ability of electric fields to induce the controlled alignment of lyotropic liquid crystalline polymer thin films on micro fabricated substrates was demonstrated by Martin (2002) . The polymers were oriented by the electric field while in solution and solidified into a stable, oriented structure by solvent evaporation.
Magnetic field induced-alignment of polymeric materials has been the focus of numerous investigations (Al-Haik et al., 2004b; Assender and Windle, 1997; Benicewicz et al., 1998; Christianen et al., 2004; Gerzeski, 1999; Holstein et al., 1998; Kimura, 2003; Kossikhina et al., 1998; Kudaibergenov et al., 2000; Lincoln and Douglas, 1999; Suleimenov et al., 2001; Tan et al., 2000; Yamagishi et al., 1989) . Unlike the flow fields, magnetic fields effective strength does not decrease in the centre of the sample, and thus the formation of the core-shell morphology is unlikely (Benicewicz et al., 1998) .
Polymeric materials can reorient inside a magnetic field through the diamagnetic anisotropy of the constituent chemical units, provided that the magnetic anisotropy and/or the size of the molecules is sufficiently large (Christianen et al., 2004) . The energy that the chemical unit (monomer or chain) gains through the interaction with an external magnetic field is dependent on the orientation of the unit relative to the magnetic field, and hence the unit tends to align in a direction that would minimise its energy (Yamagishi et al., 1989) . The tendency of a molecular unit to align along the field direction is suppressed by the thermal agitation, i.e. if the energy reduction due to alignment cannot compensate the energetic penalty that arises due to the expenditure of thermal energy. This is the case for non-liquid crystalline polymers in melts and solutions.
The application of a magnetic field has a significant effect on the orientation of liquid-crystalline materials through the field interaction with molecules that possess diamagnetic anisotropy. Polymer molecules tend to align with their chain axes parallel to a magnetic field, especially when the randomising effect of thermal energy is reduced by the orientation of the molecules within a mesophase (Kimura, 2003) .
In previous investigations (Al-Haik et al., 2004a; Garmestani et al., 2003) we utilised high magnetic fields (15 and 25 Tesla) to manipulate the microstructure of an epoxy system. The developed morphologies of the magnetically processed epoxy comprised of highly oriented domains at the molecular level along the direction of the applied field. The mechanical properties of the epoxy were examined using nanoindentation experiments at different load levels. Nanoindentation tests have revealed large differences in mechanical behaviour of the thermo-magnetically processed epoxy specimens. Differences can be ascribed to the microstructural changes (reorientation) of the polymer at the molecular scale.
Based on this investigation and several others, the application of a magnetic field has several advantages over other fields, more frequently used, alignment methods, since it leads to a bulk, contact free, nondestructive force, which is homogeneous throughout the sample and thus can be used for producing highly oriented bulk samples as well as thin films. Nevertheless, magnetic orientation of polymers has not been used systematically in industrial practices, mainly because high magnetic fields (greater than 1 Tesla) are necessary and yet not affordable/accessible to several industries.
In the current investigation, we explore the effect of using affordable permanent magnetic field of 0.5 Tesla on the mechanical properties of a commercial epoxy system. The mechanical characterisation of the epoxies is carried out using nanoindentation technique. Furthermore, we investigate, for the first time, the effect of magnetic annealing on the short-term creep behaviour of the epoxies.
Experimental methods

Materials
The epoxy investigated in this study is Aeropoxy manufactured by PTM&W Industries, Inc. Aeropoxy is a medium viscosity, unfilled, light amber laminating resin that is designed for structural applications. The components of the epoxy used here are Aeropoxy PR2032, a resin containing diphenylolpropane (bisphenol-A) and a multifunctional acrylate; the hardener component Aeropoxy PH3660 is a modified amine mixture. The epoxy contains also some acrylic monomers.
This system cures at room temperature for 24 hours. Typical properties of this epoxy are listed in Table 1 . This resin laminates very easily, and wets out fibreglass, carbon, and Kevlar fibres readily. The authors used this epoxy extensively with carbon fibres (Al-Haik et al., 2001; Al-Haik et al., 2004b; Al-Haik et al., 2006) and single wall carbon nanotubes (Camponeschi et al., 2007; Garmestani et al., 2003) .
The two components of the Aeropoxy system do not contain any metallic compounds of any kind. The absence of metallic compounds in the epoxy resin eliminates the possibility of metallic-induced orientation of the polymer bundles, and attributes the response to the magnetic field to the polymer network itself. 
Magnetic processing
The components were mixed by a (PR2032: PH3660) weight ratio of 100:27 and stirred for 20 seconds until a homogenous mixture obtained. Then the epoxy was poured into the sample containers. Some of the magnets were heated up and held for 15 minutes at 500°C. Such thermal treatment demagnetised the magnets as measured by magnetometer.
Half of the containers were placed on demagnetised blocks and the other half on the active magnets with strength of 0.5 Tesla. Same curing temperature conditions were maintained for all samples through using these demagnetised blocks. Samples were cured under the vacuum for 24 hours. They were post-cured without the blocks under, at 50°C for one hour. The time difference between testing the axial and lateral direction of our samples was one day, so the samples were taken out of the containers and kept outside for two days before the actual testing was done. Figure 1 illustrates the axial and lateral directions of the sample w.r.t the magnetic field direction.
Figure 1
The axial and lateral directions of the sample w.r.t the direction of the maximum magnetic field; in the axial direction (see online version for colours)
Nanoindentation tests
Continuous depth sensing indentation provides load-displacement plots, which acts as a mechanical fingerprint. Nanoindentation is carried out using a NanoTest 600 by Micro Materials Ltd., Wrexham, UK. A schematic diagram of the instrument is shown in Figure 2 . A diamond Berkovich indenter is attached to a pendulum that moves freely around an essentially frictionless pivot. The indenter is loaded against the sample by passing a current through the coil, which is then drawn to the permanent magnet. Displacement of the indenter into the sample is measured by the variation in voltage between the capacitance plates. The sample holder is aligned with the indenter by means of three DC motors that run XYZ micrometer stages. This arrangement is mounted on a separate stage, and allows movement between the indenter and a high-resolution zoom microscope. The zoom microscope allows high precision selection of areas for indentation. Nanoindentations were carried out at load levels of 1, 2 and 3 mN to enable the observation of any load dependency of the mechanical properties. The loading/unloading rates were set to 0.05 mN/s. Upon reaching the value of the designated maximum load, the load was kept constant for 60s to allow the samples to 'creep out' before unloading. For samples that are susceptible to creep (e.g. metals and polymers) such hold periods may be needed according to NanoTest developers (Beake et al., 2002) . A minimum distance of 30 μm was set between each indent. For each sample, a total of five nanoindentation tests at each maximum load were carried out to calculate the hardness, modulus and elastic/plastic work values. Figures 3 and 4 show three hysteresis series for two different epoxy samples processed with and without magnetic fields, respectively. The maximum loads applied were 1, 2 and 3 mN, respectively, with loading /unloading rate of 0.05 mN/s
Nanocreep tests
Creep tests have been carried out using the NanoTest 600, under the same loading condition as normal indentations and the samples have been allowed to creep out for 30 min under each individual maximum load. During creep tests, temperature was maintained at 25 °C using the PID-controlled thermal chamber.
Results and analysis
The modulus and hardness for each material were calculated using the Oliver-Pharr method (Oliver and Pharr, 1992 ) from the load-displacement curves during unloading. The Oliver-Pharr method is based on analytical solutions for other indenter geometries. It accounts for the curve in the unloading data and provides a method of finding the contact area at peak load using a determined depth and indenter shape function. They note that, like the conical indenter, the Berkovich has a cross-sectional area, which varies as the square of the depth of contact. Important parameters for this method are shown in Figure 5 . The key data needed for the analyses are the peak load P max , the displacement at the peak load h max , and the initial unloading constant stiffness S, i.e. the slope of the initial portion of the unloading curve. The maximum loads applied were 1, 2 and 3 mN, respectively, with loading /unloading rate of 0.05 mN/s, Physically, as the indenter is driven into the material, the material encounters both elastic and plastic deformations, which result in the formation of a hardness impression conforming to the shape of the indenter to some contact depth h c , Figure 6 . During the unloading process (during the indenter withdrawal) the elastic portion of the displacement is recovered, which facilitate for the use of the elastic solutions in modelling the contact process as described by Oliver and Pharr (Oliver and Pharr, 1992) . The total depth is h, which is the total indentation depth, made up of h c -the contact depth, and h s -the displacement of the surface at the perimeter of the indent.
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where P max is the max load; h max is the depth at P max , and S max -the initial unloading contact stiffness. The contact area of the indenter is determined using the relation 
where the contact depth is given by
The reduced modulus is given by
where υ is the Poisson's ratio and E the Young's modulus of the sample, and ' υ and E'
are the values for the indenter (for diamond E' =1141 GPa and ' υ =0.07). This reduced modulus is related to the stiffness through the equation
where S is determined from the upper portion of the unloading data. The hardness of the sample is determined by using the maximum load applied divided by the projected area found from equation ( where β is 1.034 for a Berkovich indenter tip (Fischer-Cripps, 2002 ). The conclusion is that with a Berkovich indenter, unloading curves can be described by the power law relation of
where P is the indenter load, h f is the final depth of the residual impression when the indenter is fully withdrawn and (h -h f ) is the elastic displacement, and A and m are curve fitting constants that depends on the materials behaviour under unloading conditions. Application of the load to the indenter and the resulting displacement represents work done on the system and is manifested as both plastic and elastic strains within the specimen. The net area enclosed by the load-displacement response represents the energy lost in plastic deformation within the specimen. This plastic work is indicative of the sample toughness (Fisher-Cripps, 2002) . The plastic deformation of a sample that was magnetically processed and indented using Berkovich tip is shown using atomic force microscopy scan (AFM) of the indent as shown in Figure 7 . The variations of the modulus, hardness and elastic/plastic work according to the indentations tests are shown in Table 2 . These values are averaged over five indentation tests per sample. It is apparent from Table 2 that the magnetic assisted processing enhanced the hardness and modulus but decreased the elastic/plastic work along the orientation of magnetic field. This was observed for both axial and lateral orientations of the sample. Magnetically annealed sample in the axial direction of the field showed an increase of 13.4% in terms of the modulus and 19% for the hardness compared to the sample processed without the magnetic field at a maximum indentation load of 1 mN. The magnetic processing however made the sample more brittle as the elastic/plastic work dropped by 13.3 % compared to neat epoxy without magnetic processing.
The results of the nanoindentation tests along the sample axis suggest that the magnetic field strength forced the amorphous phase to reorient along the magnetic field direction. The increase in the properties along the lateral direction is mainly due to the two-dimensional stretching effect that the magnetic field exerts on the crosslinked epoxy network, as shown schematically in Figure 8 .
The above mentioned two-dimensional stretching; in-plane orientations, are in good agreement with our previous studies of the same epoxy resin system cured under much higher magnetic fields (15 and 25 Tesla) magnetic fields in which it was found that the presence of the magnetic field during the cure reaction aligned the molecules along the applied field (Al-Haik et al., 2004a) . The results of nanoscale creep tests shown in Figure 9 suggest that the magnetically annealed samples, in the lateral direction, exhibit less creep deformations compared to the neat samples. For the axial direction; parallel to the magnetic field, in the early stages of the secondary creep no significant difference was observed between the magnetically annealed sample and the neat sample. However, as time progresses, after 1500s, the magnetically annealed sample exhibits less creep deformation compared to the neat sample in the axial direction. In general beyond the initial stage of creep, the magnetically processed samples show more resistance to creep deformations. This observation was repeatable in both axial and lateral directions of the samples due to the two-dimensional stretching effect of the main chains and the crosslinks of the epoxy as a result of the magnetic processing. The improvements of the creep resistance signifies that the amorphous chain segments, locally reoriented parallel to the sample axis, are more densely packed than those that are either randomly oriented or oriented perpendicular to the sample axis. 
Conclusions
The results of the nanoindentation and nanocreep tests along the sample axis suggest that the presence of magnetic field forced the amorphous phase to reorient along the magnetic field direction. The increase in both modulus, hardness and resistance to creep is attributed to the reorientation of the epoxy along the magnetic field. The improvement of properties along the lateral direction is mainly due to the two-dimensional stretching effect that the magnetic field exerts on the cross-linked epoxy network
